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At  a  considerable  rate  of metabolic  expenditure,  the  renal  tubules  transfer  large 
amounts of ions across their epithelial cell layer. Recently, a  better characterization 
of the nature of individual ionic transport processes at the single nephron level has 
become possible  through  an  assessment of some  electrical characteristics  of tubule 
cells.  The response of either transmembrane  or transepithelial potential  differences 
to changes in the ionic environment, as well as measurements of the current-voltage 
relationship  across  various  tubular  structures,  have  served  to  clarify certain  ionic 
conductance characteristics.  In addition,  insight into the functional organization of 
adjacent  tubule  cells is  provided by recent inquiries into the  nature  of the current 
distribution  along renal  tubular  structures. 
PROXIMAL  TUBULAR  EPITHELIUM 
This nephron segment is generally characterized by the reabsorption of large frac- 
tions of the glomerular filtrate against, at best, only small ionic concentration gradi- 
ents.  The most extensive electrophysiological studies  have  been carried  out on the 
large tubules  of Necturus, in which cell size is  adequate  to allow for impalement of 
single cellular elements. 
Similar studies are more difficult to conduct on mammalian tubules,  particularly 
in vivo, because of the small  cell size,  although  notable progress has  recently been 
made. 
Experiments  on  amphibian  proximal  tubule  ceils  indicate  asymmetrical  cell 
polarization.  The  luminal  cell  membrane  maintains  a  lower  potential  difference 
than  the  peritubular  cell  boundary,  making  the  lumen  electrically negative  with 
respect  to  peritubular  fluid  (1).  The  existence  of  a  significant  transepithelial  po- 
tential  difference of some  15-20  mv has  recently been reconfirmed (2).  Studies on 
single proximal tubule  ceils of Necturus indicate that  the potential  difference across 
the  peritubular  cell  membrane  is  mainly  due  to  a  potassium  diffusion  potential 
(1-5).  It is likely, however, that a  small but finite sodium conductance at this site 
renders the potential difference somewhat lower than the theoretically expected one. 
Since the original studies were performed at constant  (K)  (C1) product, the relative 
role played by these ions in generating the peritubular potential difference could not 
be decided (3,  5). 
In  order  to  obtain  information  on  the  relative  contribution  of  potassium  and 
chloride ions to the peritubular potential step, Boulpaep recently measured the effect 
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on  the  membrane  potential  of changes  in  either potassium  or  chloride concentra- 
tion  alone  (2,  6).  Such  experiments  were  done  on  the  doubly  perfused  Necturus 
kidney,  a  preparation in  which  sudden  changes  in  the  ionic  composition  of the 
extracellular environment  can  be  achieved by superfusing  the kidney surface with 
multibarreled  pipettes  at high  flow  rates  while  identical  changes are  made in the 
composition of the fluids perfusing the kidney. When potential differences are  meas- 
ured either after alterations of potassium concentration at constant chloride (K being 
replaced by sodium) or after similar alterations in chloride concentration at constant 
potassium (chloride being replaced by sulfate), potential displacements are observed. 
The sum of the two slopes,  relating the logarithm of ionic concentration to voltage 
change, is in good agreement with the slope obtained when potassium and chloride 
are changed simultaneously. 
The effects on the membrane potential of sudden alterations in ionic concentrations 
are particularly useful in evaluating partial conductances,  since ionic redistribution 
is minimized (7). A  plot of instantaneous potential changes against the logarithm of 
external potassium or chloride concentration gives a  slope of some 32 or  12 my per 
10-fold concentration change,  respectively (2,  6).  From these values,  the calculated 
transport numbers for  potassium  and  chloride are 0.54 (TK) and  0.20  (Tel).  1 Ac- 
cordingly, the peritubular membrane potential is considered to be predominantly a 
potassium  and  chloride diffusion potential. 
The notion ot a  significant contribution ot chloride ions as a  charge carrier across 
the  peritubular  cell  boundary  is  also  supported  by input  resistance  measurements 
performed on the same preparation by means of a  PC bridge circuit (6).  Slope con- 
ductances of at  least 35 %  of the  total  membrane conductance can be  ascribed  to 
potassium ions, and of about 40 % to chloride ions. These studies have also provided 
evidence for anomalous  rectification across  the  peritubular  cell  membrane  (6).  It 
is  evident that  the  results  obtained  by two different techniques  agree  as  to  a  sig- 
nificant chloride conductance at this tubular site. 
From both types of experiments it is apparent, however, that potassium and chloride 
diffusion potentials do not fully account for the total peritubular potential difference, 
since the sum of the transport numbers of potassium and  chloride, as well as their 
partial  slope conductances,  is  less  than unity.  It may be convenient to ascribe the 
fact that the measured membrane potential is smaller than the expected potassium 
equilibrium potential either to a finite and significant sodium permeability (1,  3, 5), 
or to  active potassium  uptake into the cell  (1,  3,  5),  or to  an electrogenic sodium 
pump  (8).  However, direct evidence bearing on these questions,  or on that  of the 
contribution of other ions to the observed potential difference, is lacking. An inter- 
esting  possibility,  at least in the proximal tubule  of the rat,  is  that  of bicarbonate 
ions as charge carriers (9). Recent experimental evidence indicates that a  reduction 
of  extracellular  bicarbonate  concentration  significantly  reduces  the  peritubular 
potential difference. It was concluded that bicarbonate ions contribute to the poten- 
tial step at this site, since the electrochemical potential gradient favors diffusion into the 
i The latter  value is probably  a  minimal one,  since  some  diffusion delay  between extracellular 
medium and immediate cell environment cannot be prevented even at the highest possible per- 
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cell interior. A significant bicarbonate conductance across the mammalian peritubular 
cell  membrane  may be  of importance  in  explaining  the  interrelationship  between 
potassium depletion and increased proximal tubular hydrogen ion secretion. Rector 
et al. have pointed out that potassium deficiency may lower the steady-state concen- 
tration of bicarbonate in proximal tubular cell water and thus,  for a  given pCO 2, 
lower intracellular pH  and stimulate  hydrogen ion secretion (10).  They point out 
that the mechanism underlying this process may be passive movement of bicarbonate 
ions  out  of the  cell  along  an  electrochemical potential  gradient  which  might  be 
increased  in  hypokalemia.  Obviously,  the  demonstrated  peritubular  bicarbonate 
conductance would play an important role in such a metabolic adjustment. 
With  improved  methods,  a  reinvestigation of some  electrical phenomena  across 
the luminal cell membrane has provided evidence of significant differences between 
this membrane and the peritubular cell boundary (2). In contrast to previous studies, 
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FIou~ 1.  Equivalent  circuit  for 
single  proximal tubule  cell  of Nec- 
turus.  Across  the  peritubular  cell 
membrane, an enff  E1 is formed by a 
K  and C1 battery. E~ is formed by a 
C1  battery opposed  by a  finite  so- 
dium permeability. R~ is an element 
of relatively high  resistance.  V~  is 
also  a  function of the  emf E1  and 
the shunt resistor  Rs.  (From refer- 
ence 2 with the permission of Urban 
and  Schwarzenberg,  Munich,  Ber- 
lin, Vienna). 
such  methods permit  the  simultaneous  recording  of both the  peritubular  and  the 
luminal  transmembrane  potential.  The ionic composition of both the luminal  and 
the peritubular fluid can be changed independently and the effect of such substitu- 
tions upon both potential steps measured.  The most important findings of such an 
analysis are the following.  (a)  Variation of luminal potassium and chloride concen- 
trations at constant product is rather ineffective in altering the potential across the 
luminal cell boundary. This observation differs from previous results  (3).  Estimates 
indicate that the combined contribution of potassium and chloride ions to the mem- 
brane current is  about  17 %  (2).  In studies where the potassium  and chloride ions 
were varied separately, the contribution of chloride as a current-carrying ion species 
greatly exceeded that of potassium. (b) Perfusion of the lumen with solutions in which 
choline  (a less  permeant cation species)  replaced sodium resulted in  a  significantly 
greater  hyperpolarization  of the  luminal  membrane  than  of the  peritubular  cell 
boundary when sodium was similarly reduced in the peritubular fluid compartment. 
Comparable results also have been reported in Amphiuma  proximal tubule ceils (11).  2 
It is concluded that the sodium conductance of the luminal membrane exceeds that 
=  Sullivan, W. J. Electrical potential differences  in distal tubules of Amphiuma kidney. Am.  or. Phy~'iol. 
In press. ~I8 S  CELL  MEMBRANE  BIOPHYSICS 
of the peritubular cell membrane, since a  relatively larger hyperpolarization obtains 
across  the luminal  membrane.  A  higher sodium conductance at  this  site facilitates 
passive  entry of this  ion  into  the  cell  interior  along  its  electrochemical potential 
gradient,  although  available  evidence makes  it  appear  unlikely  that  such  passive 
ion transfer is the sole mode of sodium movement at this site (12,  13).  (¢) A  number 
of experimental results  suggest some  electrical interaction  between the  peritubular 
and  luminal  membranes  and  make  it  appear  likely that  there  exists  a  significant 
extracellular parallel pathway in addition to the intracellular route of ion movement. 
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(double-barreled  electrodes) 
FIGURE 2.  Effect of variations in osmolality  of extracellular fluid on effective trans- 
tubular resistance. Resistance values are highest during hypotonic perfusion of the aorta 
and lowest when the osmolality in the aortic fluid is increased  by addition of raffinose. 
(From E. E. Windhager and G. Giebisch, unpublished  observations.) 
A  finding  in  agreement  with  this  interpretation  is  the  large  depolarization of the 
luminal membrane associated with a hyperpolarization of  the peritubular cell boundary 
when  the  chloride  concentration  in  the  tubular  lumen  is  selectively reduced  (2). 
Diminished intercellular shunting in the absence of chloride ions  could explain these 
interactions if the luminal membrane were to behave as an element of relatively high 
resistance. Preliminary resistance measurements support this view.  8 Also in agreement 
with this thesis are studies in which a  selective reduction of the electromotive force 
(emf) of the peritubular voltage generator (depolarization by high concentrations of 
potassium while the luminal potassium concentration was kept low) manifested itself 
in  almost  symmetrical  depolarization  of  both peritubular  and  luminal  potential 
difference. This  is  in  agreement with the interpretation that  the luminal  potential 
difference is driven, to a  significant extent, by the peritubular voltage generator via 
an extracellular shunt path (2). Fig.  1 shows the equivalent circuit for the renal cell 
when an intercellular shunt path is present. 
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FIotn~ 3.  Schema of experimental  arrangement for transepithelial  (right)  and trans- 
membrane (left)  resistance measurements.  Transepithelial resistance is measured by the 
insertion of a double-barreled microelectrode into a  small segment of Ringer's solution, 
isolated from the rest of the  tubular  contents by colored mineral oil.  Transmembrane 
resistance is measured from the geometry of the tubular  structure  and the voltage at- 
tenuation  over known distances  subsequent  to the  application  of current  (I)  through 
one barrel  of a  double-barreled  electrode.  The second barrel  of that electrode is used 
for  potential  measurements  (V)  to  verify intracellular  position.  Application  of cable 
analysis permits assessment  of the resistance of the luminal and peritubular  cell  mem- 
branes.  (From reference  15,  reproduced with the  permission of S.  Karger,  Basel/New 
York.) 
Three additional lines of evidence favor the existence of an intercellular shunt path 
for  passive  ion  movement  across  the  proximal  tubular  epithelium  of Necturus.  (a) 
Similarly  to  the  behavior  of frog  skin  (14),  alterations  in  extracellular  osmolarity 
lead to significant changes in the transepithelial  potential difference and conductance 
at  a  time  when  neither  the  transmembrane  potentials  nor  the  effective  resistance 
across  the  peritubular  cell  membrane  is  altered  (15).  Fig.  2  summarizes  pertinent 
results  with  respect  to  transepithelial  resistance  changes.  Hypertonicity  of the  per- 
fusion  fluid  generally  reduces  transepithelial  resistance,  accentuating  intercellular 
shunt  conductance.  Hypotonicity  has  the  opposite  effect.  High  concentrations  of 
intratubular  potassium  also  lead  to  a  precipitous  drop  in  transepithelial  potential 
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FlotmE 4.  Relationship  between  distal  transtubular  potential  difference  and  the 
logarithm of the sum of variable combinations of sodium and potassium  concentrations 
during  conditions  of free  flow  and  of stationary  microperfusion.  Lines  indicate  least 
squares.  (From reference  24, reproduced with the  permission  of American Journal of 
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differences  and  in  transepithelial  resistance  (15).  Simultaneously,  the  membrane 
resistance  of proximal tubule  cells is  increased  (6);  this indicates  that  a  fall in cell 
membrane  conductance  cannot  account  for  the  resistance  changes  and  that  the 
phenomenon  must be attributed  to an increase in extraceUular shunt  conductance. 
(b)  A  comparison  between  the  magnitude  of the  total  transepithelial  conductance 
and  that  measured  across  the  individual  luminal  and  peritubular  cell  membranes 
also provides evidence in favor of an intercellular shunt path (15).  Such experiments 
I  I.  l  /,  I  /~  i  i  l  1  l  1  ! 
[  1  I  Y  ¥  I~I  Y  |UI~ 
y 
t  i  J  I  i  A.  ]  '  ]  i  L  I  i  f 
FmURE  5.  A  schematic  presentation  of 
methods  of applying various  perfusion  fluids 
intratubularly and peritubularly. The  double- 
barreled  micropipette  contains  two  different 
fluids  that  can  be  ejected  alternately.  (From 
reference 94, reproduced with the permission of 
American Journal of Physiology.) 
indicate  that  the  transverse  resistance  of the  proximal  tubular  wall  of Necturus  is 
significantly  less  than  the  sum  of the  resistive  contributions  of the  bordering  cell 
membranes.  The latter  can be estimated by measuring the  space constant,  i.e.  the 
current  distribution  between  adjacent  cells  along  the  nephron,  by  an  approach 
outlined in Fig. 3. In such experiments, a point of considerable interest was the finding 
that  the  voltage  attenuation  along  the  proximal  cell  column  is  a  logarithmic  one 
(space constant  between  200  and  300  m~); this  indicates  that  the  cells behave like 
a  cable  conductor with  effective low-resistance coupling.  Similar results have  been 
reported in another kidney preparation  (16)  and in other epithelial tissues  (17,  18). 
It  would  appear  that  there  are  both  low-resistance  pathways  between  adjoining 
cells and  separate  extracellular  shunts  between lumen  and  peritubular  fluid  space. 
The cellular compartment,  defined  as  a  space which is normally negative by some 
70  mv with  respect to extracellular fluid,  is surrounded  by cell boundaries  of con- 
siderable transverse resistance.  (c) Recent measurements of the hydraulic conductivity 
and  of the  reflection coefficient in  the  proximal tubule  of Necturus kidney  4 are  also 
consistent  with  the  presence  of an  intercellular  passive conductance  channel.  This 
follows from the fact that the equivalent pore radius greatly exceeds that of cellular 
membranes. 
4  Bentzel, C. J., M. Davies, W. N. Scott, M. L. Zatzman, and A. K. Solomon. Hydraulic conduc- 
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It is pertinent to draw attention to the fact that in proximal tubular epithelium 
"tight junctions"  (19)  between cells at the luminal  boundary have been observed, 
but they are characterized by exceedingly short junctional complexes. This area of 
cell membrane junction may in part determine the magnitude of the transepithelial 
shunt conductance. 
Although similar analyses have not yet been carried out on the mammalian proxi- 
mal  tubule,  some  evidence  also  favors  a  similar  cell  structural  arrangement  with 
INTRATUBULAR: 
Perfusion~ KCI, O.05M  K2 S04,  O.IM 
solu,tlons  (. NaCI, 0.1 M  NaCI, 0.05 M 
K2SO  4, 0.2 M 
PERITUBULAR: 
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FIGURE 6.  Continuous record of distal  transtubular potential difference during intra- 
and  peritubular application of various perfusion  fluids.  Na arrows  indicate perfusion 
with fluids in which sodium quantitatively replaces K  ions. Note different effectiveness 
with respect to reductions in transepithelial  potential difference after intra- and  peri- 
tubular K  application.  Time scale: 0.25 mm/sec. (From reference 24, reproduced with 
the permission of American Journal of Physiology.) 
significant extracellular shunting.  Pertinent is the recent finding of Fr6mter and his 
associates who report the  absence  of significant transepithelial potential differences 
in  the  rat  nephron  (20)  and  remarkably low  resistance  values  across  this  tubular 
structure  (21).  Both  phenomena  could  be  explained  by  extracellular shunt  paths 
between  tubular  lumen  and  peritubular  fluid.  The  very significant  loss  from  the 
lumen  of a  number of nonelectrolytes (22)  generally assumed  to be excluded from 
the cellular fluid compartment may also be related to migration along an intercellular 
conductance path. 
DISTAL  TUBULAR  EPITHELIUM 
This nephron segment is characterized by a considerably more variable ionic transfer 
pattern  than  that  of  the  proximal  tubular  epithelium.  Although  the  fraction of 
filtrate reabsorbed at this site is small, it is across this part of the nephron that ionic 
concentration gradients  of considerable  magnitude  are  established.  Under  normal 
free-flow conditions,  the  concentration  of sodium  and  chloride  declines  along  the 
distal tubule, while the urinary excretion pattern of potassium is importantly deter- 
mined by the extent to which these ions are secreted into the distal tubular lumen (13). 
Investigations  on  single  amphibian  and  mammalian  distal  tubule  cells  permit 
some inferences to be made with respect to the ionic permeability properties of distal 322 s  CELL  MEMBRANE  BIOPHYSICS 
tubule cell boundaries. There is general agreement from studies on single amphibian 
(I I,  23)  2 and  mammalian  (24)  distal  tubule  cells  that  the  over-all  transepithelial 
potential difference (range, from --40 to --60 mv, lumen negative) is the consequence 
of two finite potential steps. A  considerably smaller voltage drop obtains across the 
luminal  cell  boundary  than  across  the  peritubular  one;  similarly to  the  proximal 
tubule,  the cell interior is  asymmetrically negative with respect to tubular  and  in- 
terstitial fluid. 
The results of experiments in which the dependence of the peritubular potential 
difference  on  transmembrane  potassium  concentration  gradients  was  investigated 
support the view that this cell boundary is one with dominant potassium electrode 
character  (11,  24)3 No data bearing on the role of other ion species in generating 
the normally observed peritubular potential difference are at present available. 
A number of experimental results support the view that the luminal cell membranes 
of distal tubule cells of rat (24)  and Amphiuma (11)  ~ are about equally permeable to 
sodium and potassium ions.  In addition,  anions such as chloride also contribute to 
the electrical asymmetry (1).  Accordingly, the luminal cell boundary exhibits con- 
siderably less ionic selectivity than its peritubular counterpart. 
Evidence favoring the  view  that  both  sodium  and  potassium  contribute  to  the 
luminal  potential  step  is  based  on  the  following  observations.  First,  the  absolute 
magnitude of the distal transepithelial potential difference bears a strong relationship 
to the sum of quite variable combinations of sodium and potassium concentrations 
(24). Fig. 4  illustrates this point. In particular, replacement of sodium and of potas- 
sium  by  the  less  permeant  choline  ion  reduces the  potential  difference across  the 
distal tubule, presumably by alterations in the contribution of both sodium and potas- 
sium to diffusion potentials across the luminal cell membrane. Given finite permeabili- 
ties for these ions, a  decrease in either of these cation concentrations would favor an 
increase in the luminal transmembrane potential. This is a consequence of the direc- 
tion  of the  respective  concentration  differences.  Thus,  a  decrease  in  intratubular 
potassium concentration enhances the driving force for potassium from the cell into 
the tubular lumen and leads to relative hyperpolarizafion of the luminal cell mem- 
brane. Since the over-all transepithelial potential is the difference between peritubular 
and luminal potential steps, the luminal one being smaller than that across the peri- 
tubular  membrane,  such  localized  hyperpolarization  leads  to  a  reduction  of the 
over-all transtubular potential difference. Consideration of the sodium concentration 
gradient  (Nal  ....  either greater or less  than Nac~n  w~t,r) is  also in  agreement with 
the experimental finding that  a  fall in  tubular sodium concentration favors an in- 
crease in the luminal  and  hence a  reduction in the over-all transtubular  potential 
gradient. 
A  second point favoring the proposed conductance properties of the luminal cell 
membrane is the finding that quantitative replacement of potassium  by sodium in 
the tubular fluid does not change the transtubular potential difference (24).  Fig.  5 
and 6  illustrate the experimental setup and representative results.  Such behavior is 
to be expected if the conductances of sodium and potassium are of similar magnitude. 
An  extensive  review of the  behavior  of both  intratubular  sodium  and  potassium 
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shows that  the  sum of these two ions varies but little,  an observation in  agreement 
with  the  generally  observed  constancy  of  the  transepithelial  potential  difference 
along the same nephron segment. Quantitative estimates indicate that the relatively 
low degree of selectivity of the luminal cell membrane to the main intratubular  ion 
species  minimizes  the  electrical  effects  of  alterations  in  the  transmembrane  ionic 
concentration gradients. 
Finally,  attention  should  be  drawn  to  the  recent  observations  of Sullivan,  who 
measured  the  dependence  of potential  differences across the luminal  cell  boundary 
of distal tubule  ceils of Amphiuma  on intratubular  sodium and  potassium concentra- 
tion gradients (11).2  In such studies, a more direct evaluation than in the mammalian 
tubule  is  possible,  since  impalement  of single  cell  elements  is  much  easier. These 
studies show that the slope relating the luminal transmembrane potential to perfusion 
fluid potassium concentration is much less steep than the corresponding relationship 
for the  peritubular  membrane.  As in  the  mammalian nephron,  reduction  of intra- 
tubular  sodium concentration  results in  a  striking hyperpolarization of the  luminal 
membrane.  Calculation of the  permeability ratio Na:K,  using the Goldman-Hodg- 
kin-Katz  equation  (25)  and  analytically  measured  ionic  concentration  gradients, 
indicates that the luminal membrane of distal tubule cells is also essentially equally 
permeable to sodium and potassium.  9 
Less direct evidence shows that in addition  to the demonstrated role of cations in 
the generation of the transepithelial potential difference, anions such as chloride also 
contribute  to  the  electrical  asymmetry.  Reabsorptive  anion  movement,  such  as 
presumably occurs passively when chloride is present, increases the luminal potential 
difference and thereby depresses the  transtubular  one.  Diminished  diffusion of such 
poorly permeant anions as sulfate,  ferrocyanide, bicarbonate,  and phosphate causes 
relative depolarization luminally,  and  thereby increases the  electronegativity of the 
lumen  (26-28). Recent direct measurements indicate, however, that chloride contrib- 
utes significantly less to the total measured conductance than either sodium or potas- 
sium. Also,  intercellular  shunts seem to play no important role in the distal  tubular 
epithelium. ~ 
The functional  importance of variations in  the  electrical  driving force across the 
distal tubular epithelium can be most clearly demonstrated by its role in the passive 
transfer  of potassium  into  the  lumen  (27-29).  Leakage  of intracellular  potassium 
into  the  lumen  occurs down  an electrochemical  potential  gradient  across  the  rela- 
tively depolarized luminal cell membrane. The extent of this process has been shown 
to be importantly influenced  by the  absolute magnitude of this parameter and  thus 
represents one regulating factor in renal potassium transport. 
I  am grateful  to Doctors E. Boulpaep, W. J. Sullivan, and A. K. Solomon and his associates for 
their permission to cite some of their unpublished  work. 
Work in the author's laboratory was supported  by grants from the National  Science Foundation 
and the American Heart Association. 
This investigation was supported  by Public  Health Service Research  Career Program Award 5- 
K6-AM-18, from the National Institute  of Arthritis and Metabolic Diseases. 
5  Malnic, G., M. Mello-Aires, and G. Giebisch. Unpublished observations. 3~4 s  CELL  MEMBRANE  BIOPHYSICS 
REFERENCES 
1. ~VVINDHAGER,  E. E., and G. GIEBISCH. 1965.  E1ectrophysiology  of the nephron, 
Physiol. Rev. 45:214. 
2.  BOULP~P, E.  L.  1967. Ion permeability of the peritubular and luminal mem- 
brane of the renal tubular cell. In Symposium fiber Transport und Funktion 
intracellul~irer  Elektrolyte.  F.  Kriick,  editor.  Urban  und  Schwarzenberg, 
Munich, Berlin, Vienna. 
3.  GmBtSCH, G.  1961. Measurements of electrical  potential differences  on single 
nephrons of the perfused Necturus kidney. J.  Gen. Physiol. 44:659. 
4.  Wmrr~muRY, G., and E.  E. WINDHAOER. 1961. Electrical potential difference 
measurements in perfnsed single proximal tubules of Necturus kidney. J.  Gen. 
Physiol. 44:679. 
5.  Wm~m3uRY, G., N.  SUGINO, and A.  K.  SOLOMON. 1961. Ionic permeability 
and  electrical  potential differences  in  Necturus kidney cells. J.  Gen. Physiol. 
44:689. 
6.  BouLP~a~P, E.  L.  1966. Potassium and chloride conductance of the peritubular 
membrane of proximal tubule ceils of Necturus kidney. Abstracts of the Tenth 
Annual Meeting of the Biophysical  Society.  133. 
7.  HODOgaN,  A. L., and P. HOROWICZ. 1959. The influence of potassium and chloride 
ions on the membrane potential of single  muscle  fibres.  J.  Physiol. (London). 
148:127. 
8.  WntTa'EMBURY, G.  t965.  Sodium extrusion and potassium uptake in guinea pig 
kidney cortex slices. J. Gen. Physiol. 48:699. 
9.  WIc~:, T., and E.  FR~SMa~R. 1967. Das Zellpotential des proximalen Konvoluts 
der Rattenniere in Abh~ingigkeit yon der peritubul~iren  Ionenkonzentration. 
Arch. Ges. Physiol. 294 :R  17. 
10.  RECTOR, F.  C., H. A.  BLOOMER, and D.  W.  SV.LDIN. 1964. Effect of potassium 
deficiency  on the reabsorption of bicarbonate in the proximal tubule of the 
rat kidney. J.  Clin.  Invest. 43:1976. 
11.  SULLIVAN,  W. J.  1965. Electrical potential differences in amphibian distal renal 
tubules.  Federation Proc. 24:520. 
12.  ULLRICH,  K. J., and D. MARSH. 1963. Kidney, water and electrolyte  metabolism. 
Ann.  Rev. Physiol. 25:91. 
13.  Gm~tSeH, G., and E.  E.  WINDHAGER. 1964. Renal transfer of sodium, chloride 
and water. Am. J. Med. 36:643. 
14.  USSING, H.  H.,  and E.  E.  WI~DrIAG~R. 1964. Nature of shunt path and active 
transport path through frog skin epithelium. Acta  Physiol. Scan& 61:484. 
15.  WmDHAOER,  E. E., E. L. BOULP~P, and G. GmB~SCH. 1966. Electrophysiological 
studies  on  single  nephrons.  Abstract  of the  Symposia  Third  International 
Congress of Nephrology, Washington, D. C.  68. 
16.  Hosm, T., F. SAKAI, and M. HAGA. 1962. Electrical properties of renal tubules 
of the newt.  Nippon Seirigaku Zasshi  (J. Physiol. Soc. Japan).  24:378. 
17.  LO~W-ENSa~IN,  R. R., S. J. SOCOLAR, S. HIOAST~INO, Y. KANNO, and N. D~vmsoN. 
1965.  Intercellular  communication:  renal,  urinary  bladder,  sensory,  and 
salivary gland cells. Science. 149:295. GERHARD GIEBISCH  Electrical  Properties  of Renal Tubule Cells  325 s 
18.  LOEWENSTErN, R.  R.  1966. Permeability of membrane junctions. In Biological 
Membranes: Recent Progress.  Ann.  N.  I1.  Acad.  Sci.  137:441. 
19.  FARQUHAR, M.  G.,  and G.  E.  PALnDF.. 1963. Junctional complexes  in various 
epithelia.  J.  Cell  Biol.  17:375. 
20.  FR~5~TER, E.,  and  U.  HEGEL. 1966. Transtubul~ire  Potenfialdifferenzen  an 
proximalen und distalen Tubuli der Rattenniere. Arch.  Ges. Physiol.  291:107. 
21.  H~GEL, U., E.  FRSMTER, and T. WICK. 1967. Der elektrische  Wandwiderstand 
des proximalen Konvolutes der l~attenniere. Arch.  Ges. Physiol. 294:274. 
22.  GERTZ, K.  H.  1963. Transtubul~ire  Natriumchloridflfisse und  Permeabilit~it 
ffir Nichtelektrolyte im proximalen und distalen Konvolut der Kattenniere. 
Arch.  Ges. Physiol.  276:336. 
28.  MArinE, D. L., I. SImH~a)EH, R. N. KHURI, and A. K. SOLOMON. 1966. Sodium 
and water transport in single perfused distal tubules of Necturus kidney. Am. J. 
Physiol. 211:1043. 
24.  Gmsiscn, G., G. MALmC, R. M. KLOSE, and E. E. WXNDHAGER. 1966. Effect of 
ionic substitutions on distal potential differences in rat kidney. Am. J. Physiol. 
211:560. 
25.  HoDcxm, A. L., and B. KATZ. 1949. The effect of sodium ions on the electrical 
activity of the giant axon of the squid. J.  Physiol.  (London).  108:37. 
26.  CLAPP,  J. R., F. C. I~CTOR, and D. SELDIN. 1962. Effect of unreabsorbed anions 
on  proximal  and  distal  transtubular  potentials  in  the  rat.  Am.  J.  Physiol. 
202:781. 
27.  MALIne, G.,  R.  M.  KLOSE, and  G.  GmBISCH. 1964. Micropuncture study of 
renal potassium excretion in the rat. Am.  J.  Physiol.  206:674. 
28.  MALmC, G.,  R.  M.  KLOSE, and  G.  GmBISCH. 1966. Micropuncture study of 
distal tubular potassium and sodium transport in rat nephron. Am.  J.  Physiol. 
211:529. 
29.  MALIne,  G.,  R.  M.  KLOSE, and  G.  GmBISCH. 1966. Micropeffusion study of 
distal tubular potassium and sodium transfer in rat kidney. Am.  J.  Physiol. 
211:548. 